 {#S0001}

While vaccination now protects against several important infectious diseases, many others still lack effective vaccines. The ability of viruses to rapidly mutate and alter their antigenic makeup (e.g., influenza and HIV), as well as the potential interference between different virus serotypes (e.g., dengue virus) has made vaccine development a challenging task. Given that infection with such viruses can result in a significant number of cases and high mortality rates, rapid development of potent therapeutic measures can potentially save lives and limit the magnitude of outbreaks. With technological advances in the field of immunoglobulin G (IgG) research and generally good safety profiles observed during antibody-based therapies, therapeutic antibodies have become attractive candidates for treating infectious diseases. The recent Ebola outbreak in West Africa is a good example of the potential of mAb cocktails as an anti-infective strategy [@CIT0001]. Other examples include the use of mAb m102.4 against Hendra virus [@CIT0002] and palivizumab that targets respiratory syncytial virus (RSV) [@CIT0003], resulting in significant reduction in the incidence of hospitalization. Given the need for new antiviral therapies and considerable advances in IgG research, there is a growing interest in developing therapeutic antibodies against infectious diseases.

The binding affinity of antibodies to viruses can directly impact the efficacy of mAbs [@CIT0004], suggesting that target-specific mechanisms likely account for much of the efficacy of therapeutic mAbs. However, many studies have also highlighted the contribution of Fc-mediated immune effector functions in modulating the efficacy of these mAbs [@CIT0005]. Antigen-presenting cells such as dendritic cells, monocytes and macrophages can internalize antibody-opsonized viruses via Fc-receptor-mediated phagocytosis. This results in antigen processing and presentation to effector cells of the adaptive immune system, eventually leading to virus clearance. On the other hand, neutrophils, monocytes, macrophages, mast cells and natural killer (NK) cells kill infected cells opsonized with antibodies in a process described as antibody-dependent cell-mediated cytotoxicity (ADCC). While immune complexes are expected to be phagocytosed by Fc-receptor bearing cells and cleared from the blood circulation, delivering viruses to monocytes or macrophages at subneutralizing antibody levels can result in antibody-enhanced infection due to their ability to serve as a host for viral replication. In support of this theory, subneutralizing levels of antibodies have been shown to result in increased infection of viruses such as dengue virus (DENV), Ross river virus, influenza, HIV-1 and Epstein--Barr virus (EBV) [@CIT0006]. Hence, therapeutic antibodies ought to be delivered at doses high enough to prevent antibody-enhanced virus infection and avoid the cytokine storm that can result from excessive stimulation of Fc-gamma receptors (FcγRs). Given the delicate balance between antibody efficacy and adverse side effects, there is a need to develop methods that can better assess Fc-mediated effector functions triggered by therapeutic antibodies. This could be beneficial in the future development of antibodies engineered to possess enhanced therapeutic activity [@CIT0011]. Here, we review the significance of the various aspects of Fc-mediated effector functions involved in virus neutralization and factors that can potentially affect FcγR engagement. An improved understanding of these processes would allow identification of predictive factors to better assess the efficacy of therapeutic antibodies and facilitate development of engineered therapeutic antibodies with improved efficacy.

Fc-receptor subtypes in virus neutralization {#S0002}
============================================

Among the different classes of immunoglobulins (IgA, IgD, IgE, IgG and IgM), IgG is the most commonly used and hence, will be the focus of this review. In general, antibodies consist of two distinct functional units: the Fab and the Fc regions [(Figure 1)](#F0001){ref-type="fig"}. The Fab portion of the antibody contains the variable region comprising three hypervariable complementarity-determining regions that bind specific antigenic epitopes. The binding affinity of the Fab to viruses can be determined by binding assays such as ELISA or by more specialized and precise methods such as BIAcore surface plasmon resonance. Fab binding to viruses can block receptor interaction with the host, thereby hindering attachment and subsequent virus entry. In addition, several studies have suggested that antibodies that target regions other than the receptor-binding sites can also be neutralizing. For instance, antibodies that bind gp41, a HIV-1 fusogenic transmembrane protein, did not inhibit virus-cell binding but was able to neutralize HIV-1 infection by recognizing fusion-intermediate forms of gp41 at a postattachment step [@CIT0013]. Similarly, neutralizing antibodies that bind to West Nile virus and DENV have been shown to block infection at the postattachment step [@CIT0015]. Altogether, these investigations suggest that the Fab portion of neutralizing antibodies can function by either blocking virus attachment or inhibiting virus fusion.

![**Structure of an antibody and its associated Fc-mediated effector functions that can be activated by the Fc region.** The Fab region is responsible for specific antigen binding whereas the Fc region binds to FcγRs in immune cells, resulting in phagocytosis, cytokine release, ADCC and CDC.](ierz_a_1079127_f0001_c){#F0001}

By contrast, the Fc portion of the antibody binds to FcγR-bearing immune cells of the mononuclear phagocyte system such as monocytes, macrophages and dendritic cells. FcγRs have been shown to be important in modulating the efficacy of therapeutic mAbs [@CIT0005] due to their involvement in FcγR-mediated phagocytosis, cytokine production, ADCC and complement-dependent cytotoxicity (CDC) that aids in virus neutralization [(Figure 1)](#F0001){ref-type="fig"}. However, whether these Fc effector functions are activated or inhibited depends on the subtypes of FcγRs engaged.

Among the human-activating FcγRs, FcγRIA has the highest affinity for both monomeric IgG and immune complexes. FcγRIIA and FcγRIIIA, on the other hand, bind strongly to immune complexes but not to monomeric IgG [@CIT0017]. Both FcγRIA and FcγRIIIA require an accessory immunoreceptor tyrosine-based activation motif (ITAM) bearing gamma-chain for signal transduction. By contrast, the ITAM motif of FcγRIIA is located within its cytoplasmic tail [(Figure 2)](#F0002){ref-type="fig"}. When activating FcγRs are clustered, src-related tyrosine kinases (e.g., Src, Fyn, Fgr, Hck and Lyn) are activated and phosphorylated, resulting in ITAM phosphorylation that mediates recruitment and activation of protein kinases of the spleen tyrosine kinase (Syk) and ZAP-70 family kinases [@CIT0018]. These activated kinases then catalyze the activation of downstream kinases, initiating a signaling cascade in several pathways to trigger immune effector functions. On the other hand, clustering of the inhibitory receptor FcγRIIB with activating FcγRs results in phosphorylation of immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that recruit and activate phosphatases such as src homology 2 (SH2)-domain-containing inositol phosphatases SHIP-1, SHIP-2 and SH2-containing tyrosine phosphatases SHP-1 [@CIT0017]. These phosphatases then dephosphorylate the kinases downstream of ITAM-mediated signal transduction to inhibit activating FcγR signaling [(Figure 2)](#F0002){ref-type="fig"}. Thus, coligation of inhibitory FcγRs with activating FcγRs results in abrogation of ITAM-mediated immune effector functions [@CIT0021].

![**Different FcγRs present in myeloid cells.** Unlike FcγRII, FcγRI and FcγRIII require the common gamma chain for ITAM-mediated signaling. FcγRI binds strongly to IgG while FcγRII and FcγRIII bind strongly to immune complexes but not monomeric IgG. FcγRIIB is an inhibitory receptor bearing ITIM that counteracts ITAM-mediated signaling. FcRn can recycle IgG as it binds strongly to IgG at lower pH, resulting in increased half-life of antibodies in blood.](ierz_a_1079127_f0002_c){#F0002}

Interaction of activating FcγRs with antibodies can directly affect efficacy of therapeutic antibodies. For instance, the efficacy of clinically approved anticancer mAbs such as rituximab (anti-CD20 mAb) and trastuzumab (humanized anti-HER2 mAb) was significantly reduced in mice deficient in activating FcγRs compared to wild-type mice [@CIT0023]. This is in contrast to mice deficient in the inhibitory FcγRs, in which increased antibody-mediated cytolytic activity was observed [@CIT0025]. In addition, common single-nucleotide polymorphisms in FcγRIIA gene at position 131 (rs1801274) and in FcγRIIIA gene at position 158 (rs396991) can lead to significant reduction in binding to IgG [@CIT0026] and response to clinically approved mAbs such as trastuzumab, rituximab and cetuximab (anti-EGF mAb) [@CIT0027]. Furthermore, Fc modifications and the use of F(ab)~2~ that alter the interaction between Fc and FcγRs can directly affect Fc-effector functions and hence therapeutic outcome [@CIT0032]. For example, Hiatt *et al*. demonstrated that different glycan variants of palivizumab mediated different levels of ADCC, affecting *in vivo* efficacy of palivizumab against RSV [@CIT0033]. Overall, these studies suggest that therapeutic mAbs directed against similar antigenic targets may differ in their clinical profile depending on Fc--FcγR interaction.

The neonatal Fc receptor (FcRn) is a structurally distinct Fc-receptor expressed in various cell types (e.g., vascular endothelium cells, monocytes and macrophages) [@CIT0034]. FcRn binds to IgG within the acidic environment of endocytic vacuoles but not at physiological pH. Immune complexes that bind to FcRn are sorted to antigen-processing endosomes or recycling endosomes. However, monomeric IgGs are sorted into recycling endosomes, which recycle IgGs back to the cell surface following endocytosis, thus preventing intracellular degradation of IgGs. This allows antibodies or immune complexes to persist in the blood circulation for up to several weeks after treatment. Mutations at positions 250 (Thr250Gln) and 428 (Met428Leu) can significantly increase binding to FcRn and half-life of antibodies without affecting antigen-binding and Fc-mediated effector functions [@CIT0036]. While improved affinity to FcRn can extend the half-life of antibodies [@CIT0038]; this has never been linked with increased clinical efficacy. However, *in vivo* studies with a hFcRn/Rag1 knockout mouse model suggest that the antitumor activity of bevacizumab (anti-VEGF) and cetuximab (anti-EGF) can be significantly improved when binding to FcRn was increased [@CIT0039]. Furthermore, recent studies have shown that administration of a broadly neutralizing antibody with enhanced FcRn affinity can improve protection against HIV-1 infection in nonhuman primates, not only by increasing serum half-life but also by enhancing transcytosis of antibodies to mucosal surfaces [@CIT0040]. With slower clearance of antibodies and improved protection, less frequent dosing schedules would be expected, potentially reducing compliance issues. Moreover, the extended half-life would ensure that the levels of circulating antibodies are kept sufficiently high for virus neutralization. This would also minimize the risk of antibody-dependent enhancement (ADE) of virus infection, which would be particularly useful for viruses such as DENV, where ADE is hypothesized to result in increased viremia and increased risk of severe dengue [@CIT0006]. However, the effects of improved half-life of these antibodies should be tested to avoid any potential toxic adverse effects.

Given the importance of FcγRs in mediating virus neutralization and Fc effector functions, a better understanding of how therapeutic antibodies neutralize virus infections in FcγR-bearing cells will impact implementation of dosing regiments and allow development of improved therapeutic antibodies against infectious diseases. Here, we discuss the approaches that can be used to test for various Fc-mediated effector functions and describe how these processes could contribute to efficient neutralization of viruses.

Virus neutralization in the presence of FcγR-mediated phagocytosis {#S0003}
==================================================================

FcγR-mediated phagocytosis plays a critical role in clearing IgG-opsonized pathogens from the systemic circulation and augmenting antigen presentation [@CIT0045]. Cross-linking of FcγRs on phagocytes initiates downstream signaling that results in phosphorylation and activation of kinases such as phosphatidyl inositol 3-kinase, p70S6 kinase and Akt [@CIT0046], which are directly involved in reorganization of the actin cytoskeleton and membrane remodeling [@CIT0048]. Antibody-opsonized viruses are then directed to lysosomes, where the antigens are processed into peptides. In human monocytes, FcγRI has been shown to be involved in neutralization of virus immune complexes. For instance, reduction of antibody-opsonized HIV-1 infection in monocyte-derived macrophages was observed upon inhibition of FcγRI [@CIT0049]. Reducing FcγRI but not FcγRIIA expression using small interfering RNA also resulted in reduced antibody required for DENV neutralization in monocytes, reinforcing the role of FcγRI in DENV neutralization [@CIT0050]. While the exact mechanism involved remains to be fully elucidated, activation of FcγRI has been demonstrated to induce expression of proinflammatory mediators and is associated with trafficking of immune complexes that directly targets virus immune complexes to the late endosomes or lysosomes for enhanced antigen processing and antigen presentation to CD4^+^ T-cells [@CIT0051]. This can occur as early as 10 min after FcγRI cross-linking. In contrast, cross-linking of FcγRIIA resulted in slower trafficking of immune complexes, as trafficking to late endosomes or lysosomal compartments was not observed during the 10-min time interval [@CIT0051].

In the late endosomes or lysosomes, the viral proteins are degraded to peptide fragments that bind to MHC class II molecules and presented to the plasma membrane for CD4^+^ T-cell activation. Besides CD4^+^ responses, immune complexes have also been shown to increase CD8^+^ responses [@CIT0052] as immune complexes can be shuttled to antigen-processing endosomes to stimulate the MHC class I cross-presentation machinery [@CIT0054]. At present, the precise activating FcγRs involved in MHC class I cross-presentation still remain speculative. Besides neutralization in antigen-processing endosomes, antibody-opsonized viruses internalized into the cell may also bind to tripartite motif-containing protein 21, a cytosolic IgG receptor that targets antibody-opsonized viruses for proteasomal degradation via the E3 ubiquitin ligase activity [@CIT0056]. Of interest, this mode of neutralization has been shown to be particularly effective against nonenveloped viruses such as adenovirus [@CIT0058]. The significance of antigen-presentation in the presence of antigen uptake has also been demonstrated *in vivo*, where protection mediated by antibodies was eliminated in mice with dendritic cells deprived of β-2 microglobulin, transporter associated with antigen processing (TAP) or MHC-II [@CIT0060].

However, IgG-mediated uptake of viruses is not always favorable for the host. Monocytes and macrophages are important sites of replication for viruses such as DENV, Ross river virus, influenza, HIV-1 and Epstein--Barr virus (EBV). Increased internalization of antibody-opsonized viruses via FcγRs may, therefore, result in enhanced infection if these antibodies are not present at sufficient levels required for virus neutralization. This can occur via extrinsic or intrinsic ADE [@CIT0061]. In extrinsic ADE, immune complexes formed between viruses and subneutralizing levels of antibodies can lead to an increased number of infected cells due to increased uptake by FcγR-mediated phagocytosis. Besides increased uptake, FcγR-mediated signaling can also increase production of anti-inflammatory cytokines such as IL-10 that acts via the suppressor of cytokine signaling system to suppresses innate immunity, resulting in increased virus replication and output by infected cells [@CIT0061]. In addition, some viruses can also directly ligate other inhibitory receptors to suppress innate immunity. For instance, we have recently demonstrated that antibody-opsonized dengue can coligate the inhibitory receptor, leukocyte immunoglobulin-like receptor subfamily B member 1 (LILRB1), to activate the phosphatase SHP-1 that inhibits activation of signal transducer and activator of transcription 1 (STAT-1) and subsequent interferon-stimulated gene (ISG) expression [@CIT0062]. LILRB1 has also been shown to interact with other viral antigens such as human cytomegalovirus glycoprotein UL-18 [@CIT0063]. Although both FcγRI and FcγRIIA can mediate ADE of virus infection, FcγRIIA appears to do so more effectively [@CIT0050]. Hence, for pathogens that can replicate efficiently in monocytes and macrophages, it is important to ensure that therapeutic antibodies can neutralize these viruses even in the presence of FcγR-mediated phagocytosis to minimize the risk of ADE.

FcγR-mediated phagocytosis is affected by the size of immune aggregates, as immune complex size can affect the types of Fc-receptors engaged [@CIT0016]. Aggregation refers to the self-association of a number of molecules to form dimers, oligomers or even submicron to micron-sized complexes, which can be assessed by dynamic light scattering or Nanoparticle Tracking Analysis [@CIT0066]. Antibody concentration, affinity and stability can influence the size of immune complexes. Our previous observations indicate that while small immune complexes coligate activating FcγRs, increased antibody concentrations can result in the formation of large immune aggregates that coligate the lowly expressed inhibitory receptor FcγRIIB to inhibit phagocytosis [(Figure 3)](#F0003){ref-type="fig"} [@CIT0016]. In line with our observations, Morefield *et al*. observed that dendritic cells preferentially phagocytose smaller aggregates of ∼3 μm compared with aggregates greater than 10 μm [@CIT0067]. In another study by Fifis *et al*. that used model polystyrene particles, smaller particles of \<0.5 um (especially 40--50 nm) were delivered more efficiently to DEC205^+^ dendritic cells, triggered the production of higher antibody titers and promoted better type I CD8 and CD4 T cell responses when compared with larger particles [@CIT0068]. Finally, antibody-mediated protection against *Cryptococcus neoformans* was shown to be protective at optimal doses, but administration of large amounts of antibodies abrogates protection as phagocytic index was shown to decline at higher antibody concentrations [@CIT0069]. As such, determining whether the virus immune complexes can be neutralized intracellularly could potentially predict efficacy of the therapeutic antibody. These antibodies should preferably neutralize virus infections at levels that do not form viral aggregates, as this would ensure that virus neutralization occurs in the presence of FcγR-mediated entry to result in enhanced antigen presentation and activation of adaptive immune responses.

![**The different FcγRs involved in virus neutralization at various antibody concentrations.** At high antibody concentrations, immune aggregates formed can coligate the lowly expressed inhibitory FcγRIIB to inhibit FcγR-mediated phagocytosis. Small sized immune complexes, in contrast, utilize the activating FcγRs signaling for phagocytosis.](ierz_a_1079127_f0003_c){#F0003}

Cytokine production for antigen presentation & antiviral responses {#S0004}
==================================================================

Cytokine production triggered by activating FcγR signaling events promotes antiviral responses and activation of DCs, leading to increased antigen uptake and processing. In addition, these cytokines allow recruitment of monocytes and DCs to the site of infection so as to aid in virus clearance [@CIT0070]. Activating FcγR signaling has been shown to phosphorylate spleen tyrosine kinase (Syk) that results in up-regulation and activation of STAT-1, leading to up-regulation of cytokines and ISGs critical for antiviral responses. While the intermediate signaling molecules have yet to be completely elucidated, we and others have shown that the activation of STAT-1 can occur independently of interferon signaling [@CIT0062]. The significance of STAT-1 in immunity has been shown in STAT1 knockout studies, where STAT1 knockout results in significant defects in ISGs production and dysregulation of T-cell, macrophage and DC differentiation, resulting in T~H~2-biased immune responses that delay viral clearance [@CIT0072]. Besides STAT-1, protein kinase C expression and activation have been shown to be important in MHC class II stimulation and presentation [@CIT0073], a process pivotal for optimal CD4^+^ T-cell activation.

The strength and nature of immune responses triggered by activating FcγRs, however, are determined by pairing of activating and inhibitory responses. Activating FcγRs signal through ITAM to recruit and activate kinases to trigger immune effector functions. By contrast, inhibitory receptors signal through immunoreceptor tyrosine-based inhibitory motif (ITIM) to activate phosphatases that can inhibit ITAM function. For example, immune aggregates can coligate FcγRIIB, resulting in recruitment of phosphatases such as SHIP-1 and SHP-1 that inhibit FcγR-mediated phagocytosis [@CIT0016]. As described previously, some viruses can also coligate inhibitory receptors such as LILRB1 to activate SHP-1 to reduce cytokine and ISG production. Inhibitory receptors hence control a range of cellular responses mediated by activating FcγR-signaling, which include Fc-effector functions such as FcγR-mediated phagocytosis, cytokine production, ADCC and CDC. While inhibitory receptor coligation can potentially reduce the therapeutic efficacy of mAbs, not all of these effects are undesirable. For instance, intravenous immunoglobulin can signal through FcγRIIB to induce anti-inflammatory responses that can potentially reduce the risk of cytokine release syndrome in mAb therapy [@CIT0075]. Given the importance of kinases and phosphatases in mediating innate and adaptive immune responses, determining kinase and phosphatase profiles in FcγR-bearing cells mediated by therapeutic antibodies could hence predict the efficacy of these antibodies in controlling virus infection.

Although kinases triggered by IgG and immune complexes are important for Fc-mediated effector functions, overproduction of cytokines (e.g., IL-1b, TNFa, IL-6 and IL-8) due to immune complexes can result in immunogenicity-related adverse events [@CIT0078]. For instance, the Phase I trial of the anti-CD28 mAb TGN1412 resulted in immune-mediated cytokine storm and multiorgan failure in healthy volunteers, highlighting the importance of assessing the likelihood of such adverse events [@CIT0079]. The need to assess the risk of such adverse events is even more crucial for engineered antibodies that have modified Fc regions and increased binding to activating FcγRs. While improved Fc--FcγR interactions can increase therapeutic efficacy of antibodies, this can also lead to increased risk of adverse events. Hence, a cytokine signature encompassing the relevant proinflammatory and anti-inflammatory genes can potentially be used as a biomarker for immune responses to immune complexes, which would in turn be useful for predicting the clinical immunogenic risk of therapeutic antibodies. Cytokine signatures can be evaluated based on: breadth of cytokine response; magnitude of response; number of individuals having the cytokine response; and statistical significance of the response. These cytokine signatures can be determined by ELISAs, Luminex or other cytokine arrays.

ADCC & CDC clears virus infected cells {#S0005}
======================================

ADCC is critical for clearance of antibody-opsonized cell surface receptor targets. When surface antigens are opsonized with antibodies, Fc-receptor interaction with the host immune cells such as NK cells, monocytes, macrophages, neutrophils and mast cells can result in direct lysis of the infected cells, eventually leading to virus clearance. As many of these cell types express both activating and inhibitory FcγRs, FcγRIIB may hence affect activating FcγR-dependent ADCC. Among the activating FcγRs, FcγRIIIA is the most abundant FcγR expressed on NK cells, and ADCC signaling is better characterized with FcγRIIIA relative to other activating FcγRs [@CIT0080]. The importance of FcγRIIIA in mediating ADCC has been highlighted by studies showing a lack in clinical efficacy for several antibodies (e.g., infliximab and rituximab) in individuals with different FcγRIIIA polymorphisms [@CIT0030]. These observations were correlated with *in vitro* ADCC analysis where peripheral blood mononuclear cells obtained from FcγRIIA H/H and/or FcγRIIIA V/V genotype showed higher ADCC activity compared with those of other genotypes with lesser affinity to IgG [@CIT0028]. Previous research has also demonstrated the importance of ADCC in viral defense and clearance. For instance, studies have shown both *in vivo* and *in vitro* the importance of ADCC in controlling influenza, RSV, and HIV-1 infections *in vivo* and in human studies [@CIT0081].

Complement-mediated activation by antibodies, on the other hand, can cause direct cell lysis by formation of the membrane attack complex (MAC). This process, also termed as CDC, is initiated by binding of C1q to antibody complexes. This results in the formation of membrane-bound C3 and C5 convertases that cleave and activate C3 and C5, respectively. C5 cleavage by C5 convertase then forms C5a and C5b, where C5b mediates the formation of membrane attack complex (MAC) that can directly cause CDC by forming membrane pores on targeted cells. Simultaneously, the cleavage of C3 results in the formation of C3b that can be rapidly degraded into fragments iC3b and C3dg. Deposition of these fragments on the target cells can then bind to CR3 expressed on leukocytes, leading to phagocytosis and ADCC [(Figure 4)](#F0004){ref-type="fig"} [@CIT0086], resulting in the neutralization of viruses. Several clinically approved mAbs have been shown to mediate their functions by activating complement. For instance, antibodies such as edrecolomab (antiepithelial cell adhesion molecule mouse mAb) and alemtuzumab (anti-CD52 mAb) can activate complement and mediate ADCC [@CIT0087].

![**Immune complexes can trigger the complement pathway to result in either eventual lysis or phagocytosis of target antigen.** C1q binding to immune complexes results in formation of C3 and C5 convertases that cleave C3 and C5, respectively. Cleavage of C3 results in fragments iC3b and C3dg that binds to CR3 present in leukocytes or NK-cells, resulting in phagocytosis and ADCC. C5 cleavage, on the other hand, results in formation of MAC that forms membrane pores and eventual lysis of target. Phagocytosis, ADCC and lysis assays can be used to assess involvement of complements.](ierz_a_1079127_f0004_b){#F0004}

Fc modifications that improve FcγR interaction {#S0006}
==============================================

Several modifications to IgG can directly affect binding to activating FcγRs and subsequent cellular activation. For instance, the IgG1 triple mutant (S298A/E333A/L334A) has been shown to increase binding to FcγRIIIA and ADCC activity [@CIT0089]. Fc variants (S239D/I332E and S238D/I332E/A330L mutations) designed computationally possessed increased binding to FcγRIIIA and reduced binding to FcγRIIB, resulting in increased effector functions [@CIT0090]. The S238D/I332E/A330L mutation, however, led to significant reduction in CDC [@CIT0090]. An anti-HER2 antibody engineered to bear multiple substitutions (L235V, F243L, R292P, Y300L and P396L) also showed increased binding to FcγRIIIA and enhanced killing of HER2-expressing cancer cells [@CIT0091]. Finally, given the critical role of Fc-linked glycans in FcγR-binding, differences in glycan structure can affect binding and function of therapeutic antibodies. For example, afucosylated antibodies bind FcγRIIIA with better affinity and have enhanced ability to mediate ADCC [@CIT0092]. While these modified antibodies can have improved efficacy, it is essential to ensure that they do not cause immunogenicity or adverse events when administered in patients. As such, assays to assess antidrug antibody responses are now a mainstay at most drug regulatory authorities for evaluating therapeutic antibodies during preclinical development. By improving binding to activating FcγRs and enhancing effector functions, Fc modifications could benefit patients with FcγR polymorphisms that render them less responsive to therapeutic antibody treatment. Enhanced ADCC and CDC effector functions could also engage the immune system in a synergistic manner for more potent virus neutralization.

Conclusion {#S0007}
==========

The treatment of viral infections using therapeutic antibodies remains a challenging task. Besides generating high-affinity antibodies against viruses, therapeutic antibodies should also trigger Fc-mediated effector functions that facilitate virus neutralization. These effector functions include increased uptake via FcγR-mediated phagocytosis, increased cytokine production leading to enhanced antigen presentation and antiviral responses, increased ADCC and CDC. Combinatorial therapeutic strategies that trigger Fc-mediated effector functions while occluding the interaction with immune inhibitory receptors could also enhance the clinical efficacy of therapeutic antibodies. Finally, for viruses that infect and replicate within FcγR-bearing cells, therapeutic antibodies should mediate virus neutralization even in the presence of FcγR-mediated uptake, thus mitigating the risks of ADE.

Expert commentary {#S0008}
=================

With the increased focus on antibody-based therapeutics, there is a burgeoning need to develop robust methods that can rapidly and accurately assess antibody binding and Fc-receptor-mediated effector functions. Routine testing and measurement of Fc-mediated effects should hence be considered for characterization of therapeutic antibodies, as this would allow selection and development of therapeutic antibodies with improved efficacy and reduced side effects. In addition, as the antiviral antibody responses are polyclonal and comprise different antibody isotypes, the effects of therapeutic antibodies in the presence of these antibodies should also be tested.

Given the importance of Fc--FcγR interaction in antibody-mediated effector functions, Fc modification could lead to the development of therapeutic antibodies with improved interaction to activating FcγRs. This could enhance FcγR-mediated uptake, cytokine production, antigen presentation, ADCC and CDC. Future optimization to improve interaction with FcRn may also increase half-life of therapeutic antibodies, thereby reducing the risk of ADE associated with the use of therapeutic antibodies against viruses that infect FcγR-bearing cells. With a growing number of methods to assess Fc-mediated effector functions and technologies in antibody modification, we believe that more therapeutic antibodies against viral diseases will be developed in the near future. This will be useful for disease management, especially during epidemics.

Five-year view {#S0009}
==============

Given the absence of licensed vaccines for many viruses, we believe that therapeutic antibodies will likely be important for treatment of viral infections, particularly during epidemics. We speculate that future advancement in antibody engineering resulting in improved Fc--FcγR interaction will continue to aid the development of therapeutic antibodies that possess improved clinical efficacy. Better and more robust methods that can predict Fc functionality and Fc-associated effects clinically will also continue to be essential to select for therapeutic antibodies with good efficacy but with minimal side effects.
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###### Key issues

-   The lack of effective vaccines against multiple infectious diseases necessitates the development of new therapeutics.

-   Therapeutic antibodies are increasingly used for the treatment of infectious diseases as they are well-established and well-tolerated by humans.

-   Therapeutic antibodies targeted against similar antigenic targets may differ in clinical profile, depending on the type of FcγRs that are engaged.

-   Interaction between antibody Fc region and activating FcγRs can trigger Fc-mediated effector functions that are essential for virus neutralization.

-   For viruses that can infect FcγR-bearing cells, therapeutic antibodies should be able neutralize viruses intracellularly to minimize the risk of ADE.

-   Cytokine production from activating FcγR signaling is essential for enhanced antigen presentation and antiviral responses.

-   Antibody-dependent cell-mediated cytotoxicity and complement-dependent cytotoxicity mediated by therapeutic antibodies can directly kill virus infected cells.

-   A better understanding of how therapeutic antibodies neutralize virus infections can allow development of modified therapeutic antibodies with improved therapeutic efficacy and reduced side effects.
